Abstract The aquifer Westliches Leibnitzer Feld, Austria, is a significant resource for regional and supraregional drinking water supply for more than 100,000 inhabitants, but the region also provides excellent agricultural conditions. This dual use implicates conflicts (e.g., non-point source groundwater pollution by nitrogen leaching), which have to be harmonized for a sustainable coexistence. At the aquifer scale, numerical models are state-of-the-art tools to simulate the behavior of groundwater quantity and quality and serve as decision support system for implementing groundwater protecting measures. While fully and iteratively coupled simulation models consider feedback between the saturated and unsaturated zone, sandy soil conditions and groundwater depths beneath the root zone allow the use of a unidirectional sequential coupling of the unsaturated water flow and nitrate transport model SIM-WASER/STOTRASIM with FEFLOW for the investigation area. Considering separated inputs of water and nitrogen into groundwater out of surface water bodies, agricultural, residential and forested areas, first simulation results match observed groundwater tables, but underestimate nitrate concentrations in general. Thus, multiple scenarios assuming higher nitrogen inputs at the surface are simulated to converge with measured nitrate concentrations. Preliminary results indicate that N-input into the groundwater is strongly dominated by contributions of agricultural land.
Introduction
On a European scale nitrate leaching from the soil zone into the aquifer is the most important threat to groundwater quality. Most often high nitrate concentrations cNO 3 in groundwater exceeding the EU threshold value are related to surplus application of mineral fertilizer and animal manure by farmers. Due to the widely spread agricultural production this is a non-point source pollution situation, so that any countermeasures to reduce nitrate leaching have to be investigated at the aquifer scale. Moreover, plains or valley basins (like our investigation area; see Fig. 1 ) are typically being used at the same time for intensive agriculture and significant groundwater withdrawal for drinking water supply.
In this context, numerical groundwater flow and transport models are being increasingly applied as decision support tools, which, before being used for predictions, need to be tested against observed cNO 3 in groundwater. Thus, it is of utmost importance to apply a realistic input distribution of recharge out of precipitation (Alvarez et al. 2012) and nitrate mass in terms of spatial and temporal characteristics as boundary condition for modeling saturated groundwater flow and transport.
In principal, this task can be completed by solving the three-dimensional (3-D) equation describing variable saturated groundwater flow and solute transport. On a regional scale this can still be a computationally demanding endeavor even though parallelization is already being implemented in various software packages (e.g., Hydrogeosphere, Therrien et al. 2012; Parflow, Kollet and Maxwell 2006; FEFLOW, Diersch 2009 ). However, the task may become prohibitive if it is framed within an optimization setting (to compromise between conflicting interests) or if the focus is on longtime impacts of land-use and climate change scenarios on nitrate leaching. Furthermore, to the best of our knowledge, integrated hydrological models outside academia lack powerful crop growth and/or agronomic simulation model components.
Although surface and subsurface flow systems are naturally connected they are often divided into separate compartments due to different temporal and spatial scales of the processes involved and because of computational reasons (Furman 2008) . This applies to separation of flow between the unsaturated and saturated zone as well as to surface (i.e., overland and channel) flow and groundwater flow. In contrast to solving the different partial differential equations simultaneously in a fully coupled system, the interaction between the involved domains is represented by boundary conditions. It can be further distinguished between (1) sequential coupling, i.e., the results of one system are used as boundary conditions to solve flow in the second system, the results of the second system are used as boundary conditions for the first system in the next time step, and (2) iterative coupling where the results of the second system are compared to the values used to solve the first system (within the same time step) and if the difference exceeds a defined threshold the procedure is repeated until convergence criteria are reached.
If there is no feedback between the involved compartments there is no physical reason to go beyond sequential coupling. In the case of a shallow groundwater table a direct link to the unsaturated flow system and the atmosphere interface can develop (Van Walsum 2011) due to plant roots reaching into the groundwater body, direct evaporation losses from the groundwater body or due to capillary rise. In the process of defining the boundary conditions at the interface between two hydrologic subsystems the continuity of states (e.g., hydraulic heads, water pressure) and the continuity of rates (e.g., flow rates) need to be observed (Van Walsum and Veldhuizen 2011) .
For the present application area there is no need to include overland runoff or 3-D unsaturated and saturated flow (see Fig. 1 ) due to hydrogeological conditions (given in the hydrogeological description below). Thus, we break down the link between agricultural practice and cNO 3 in groundwater in If agriculture practices have to be modeled on the aquifer scale in a transient manner an additional source of uncertainty will be introduced because of the incomplete knowledge of land-use details. While the past land-use can be inferred by the analysis of corresponding satellite images, the time and rate of fertilizer application as well as the time of sowing and harvest will remain unclear. Whereas the basic development of different land-use categories (i.e., forest, residential areas, arable land) can be delineated from initiatives like EuRuralis (www.eurualis.eu) that create land-use projections on an EU-wide scale, the future sequence of crops grown and the corresponding fertilizing means might show large variations. To account for this situation in agriculture practices, a stochastic methodology (StotraPGen) has been included in the overall modeling approach, which is briefly discussed in ''Method'' section below.
Furthermore, within each land-use category there are different dominating processes that lead to groundwater recharge and nitrate input, which in turn require representation by individual approaches (e.g., direct input of surface runoff in residential areas or dilution of cNO 3 by subsurface inflow from surface water bodies). Thus, if we want to understand measured cNO 3 in groundwater and develop appropriate management options, there is no alternative to considering the dynamics of different land-uses in the hydrologic models. In particular, this requires addressing the relevant uncertainties in agriculture practices.
Investigation area
The investigation area Westliches Leibnitzer Feld WLF (Fig. 1) is located approximately 30 km south of Graz, Austria, and has a size of 44 km 2 . In general, the region provides groundwater resources used for regional and supraregional drinking water supply for more than 100,000 inhabitants, but it is also used intensively by agriculture. South of the city of Leibnitz an agricultural test site is operated in Wagna. There the interaction between agriculture and groundwater condition (especially groundwater pollution by nitrate out of fertilizer) has been researched for more than 20 years by test plots and lysimeters.
Hydrogeological description

Geology and geomorphology
The shallow portion of the aquifer WLF consists of quaternary gravel with an average thickness of 8 m (mainly ranging from 3 to 10 m thickness), which are based on less conductive tertiary sediments (Fank 1999) . These fluvioglacial and fluviatile Pleistocene sediments were deposited during the last ice age forming gravel terraces. Given in Fig. 2 , within the investigation area Riß (approximately 5 %) and Würm terraces (approximately 70 %) are preserved and form the landscape together with the remaining 25 % of Holocene floodplain sediments along the rivers. Figure 2 also shows the spatial distribution of the hydraulic conductivities, which results out of a calibration against measured groundwater heads.
Groundwater conditions
Groundwater recharge in the investigation area is mainly provided by infiltrating precipitation. In addition, surface water bodies influence the groundwater condition not only quantitatively by in-and exfiltration, but also qualitatively by dilution of cNO 3 (especially gravel pits Tillmitscher Teiche). The groundwater flow direction is approximately from north to south; main rivers are Mur, Sulm and Laßnitz, which limit the investigation area in the west, south and east. Furthermore, hydropower plants along the Mur River affect the groundwater by impounding river water. The average groundwater depth is approximately 3.5 m for the area of the lower Riß terrace (mainly ranging between 3 and 6 m). According to Fank et al. (2010) the natural temporal fluctuation of the groundwater table is 2.5 m, but there are no predominant periods for groundwater recharge in the long run (valid for the location Wagna, Austria; see Fig. 1 ).
Groundwater quality is primarily endangered by high cNO 3 in the investigation area. Since the nitrate problem came up in the early 1990s, agricultural action programs helped to decrease cNO 3 . For example, at the groundwater observation well in Wagna cNO 3 fell from 60 mg/l in 1992 to approximately 30 mg/l nowadays. Wakonigg (1978) describes the climate in the investigation area as light continental climate (warm in summer and moderate cold in winter), which is influenced by the location south of the Alps. The combination of sufficient precipitation and a high sunshine duration provides excellent agricultural conditions. The mean annual precipitation is 908 mm with a maximum in August (123 mm) and a minimum in January (28 mm); the average annual air temperature is 10.2°C (measured at the weather station Wagna, values are valid for the period 1981-2011).
Climate
Soils
Spatial soil information is only available for arable land according to the Austrian Soil Mapping (BMLF 1974) . 30 % of this area is covered with sandy-clayey Dystric Cambisols with soil thicknesses of approximately 0.3-1.0 m (high water permeability) and is located at the lower Würm terrace. At the higher Riß terrace also Dystric Cambisols are predominant, but have generally a higher soil thickness and lower water permeability. In the floodplains along the rivers mainly Dystric Fluvisols can be found. The Austrian soil map does not provide soil information for residential areas and forests. Therefore, neighboring soil types have been allocated to these areas manually for the simulation.
Land-use
Westliches Leibnitzer Feld is intensively used for agriculture. Presently, approximately 54 % of the investigation area are arable land and serve for cultivating maize (50 %), oil pumpkin (13 %), winter barley (6 %), winter wheat (4 %), grassland (17 %) and crops like summer barley, silage maize, soybean, winter rape or mustard to a lower extent (average percentages from 1996 to 2010; based on the integrated administration and control system IACS of the EU). Approximately 28 % of the investigation area is residential. Except for some areas with higher housing density (e.g., the city center of Leibnitz), the typical structure of residential areas is formed by single-family houses with adjacent lawn areas. According to an analysis of orthofotos from 2009, the majority of lots (approximately 70 % of the residential area) have a ratio of 60 % lawn and 40 % sealed area (e.g., roofs, paved surface, etc.). Furthermore, there is approximately 14 % forest, 3 % water bodies and 1 % recultivation areas. The gravel pits Tillmitscher Teiche (Fig. 1) are the largest water bodies in the investigation area and resulted from gravel dredgings started in the 1970s. The so-called recultivation areas are former ''dry gravel pits'' (pits not lowered below groundwater table), which have been re-covered with shallow soil and grassland/scrubland vegetation. The aquifer WLF is also used for water supply to a maximum allowed withdrawal rate of 140 l/s out of 11 groundwater wells (Fig. 1 ).
Regulations for fertilizer application
Aktionsprogramm Nitrat 2003
The Since February 2008 a new revision of the previous decree became valid (BMLF 2008) . The major amendment of the ordinance was the definition of maximum allowed N-fertilization rates, which are crop specific and consider the mass of expected crop yield. Table 1 gives an overview of allowed N-fertilization rates of the most important crops in the investigation area.
Schongebietsverordnung Westliches Leibnitzer Feld
In 2005 a further groundwater protecting decree (SGV 2005) was enacted for agricultural areas in the surroundings of groundwater wells for drinking water supply.
Within WLF approximately 60 % of the area corresponds to this protection area (see Fig. 1 ). The regulations of the Aktionsprogramm Nitrat are still valid, but the following further restrictions are obligatory:
• Cultivation of catch crops • Prohibition of N-fertilization in autumn • Max. N-fertilization rates for maize according to different soil classes SC:
• SC 1: 115 kg N/ha/a for soils with high risk of N-leaching (e.g., shallow sandy soils) • SC 2: 160 kg N/ha/a for soils with medium risk of N-leaching (e.g., profound clayey sands or sandy loams) • SC 3: 170 kg N/ha/a for soils with low risk of N-leaching (e.g., loamy or clayey soils)
• Max. 50 kg N/ha/a for oil pumpkin cultivated on SC 1 with high risk of N-leaching (SC 2 and SC 3 according to Table 1 )
Method
Modeling unsaturated water and nitrate flux Due to unsaturated water and nitrate flux being strongly dependent on the overlying land-use, different methods are used for the land-use types, water body, forest, arable land, residential area and recultivation area. Required input parameters concerning weather and soil conditions are provided by the national meteorological service Zentralanstalt für Meteorologie und Geodynamik (ZAMG) and by the Austrian Soil Mapping (BMLF 1974), respectively. According to Schneider (1998) the wet atmospheric N-deposition is approximately 4-8 kg N/ha/a in WLF. To consider also a certain fraction of dry N-deposition, a rate of 10 kg N/ha/a is assumed as total N-import out of the atmosphere in the model.
Water bodies and forest
Evapotranspiration for water bodies and forests are calculated according to the FOA-Penman-Monteith method (Allen et al. 1998) . For water bodies the grass-reference evapotranspiration ET 0 is assumed as evaporation from the water surface (GWRC = P-ET 0 , where GWRC is groundwater recharge and P is precipitation). The actual evapotranspiration ET a for forests is calculated by using crop parameters for conifer according to Allen et al. (1998) . Groundwater recharge is determined by solving the climatic water balance P-ET a -GWRC-DS = 0 for daily time steps, where the change of soil water storage (DS) is simulated by an additional soil water balance model which considers the extraction of water by plants (transpiration) and losses from the surface soil layer by evaporation.
Nitrogen input into open water bodies result out of groundwater inflow and atmospheric N-deposition. However, due to the high nitrogen consuming force of macrophytes, cNO 3 measured in observation wells downstream of the water bodies Tillmitscher Teiche are generally lower, 5 mg/l (Fank et al. 2003) . Thus, they can be neglected for the simulation. Nitrogen input into forested areas is considered in terms of atmospheric N-deposition.
Arable land
For modeling groundwater recharge and nitrate leaching from arable land, the unsaturated, 1-D, vertical soil water and nitrate transport model SIMWASER/STOTRASIM is used. While SIMWASER (Stenitzer 1988) calculates plant growth and water flux based on the Darcy Buckingham equation and the condition of continuity, STOTRASIM (Feichtinger 1998) simulates nitrogen dynamics in the soil and nitrogen leaching into the groundwater on daily time steps. Following components of the nitrogen cycle are Fig. 3 , measured GWRC rates are simulated with high agreement, both for annual balances and for short-term fluctuations. Modeling nitrogen leaching proves to be more difficult due to rather complex nitrogen transformation processes in the soil. Nevertheless, default plant parameters are adjusted at the lysimeter scale and the calibration results for NO 3 -Nleaching appear feasible. At the regional scale the heterogeneity of soil conditions can vary significantly from the lysimeter conditions. To deal with this upscaling problem, two model settings are changed between the lysimeter scale and the simulation of the regional scale: (1) assuming an average parameterization of soil resistance for calculating evaporation and (2) the nitrogen turnover processes (mineralization, nitrification and denitrification) are automatically controlled in a way that neither a nitrogen decrease nor a nitrogen accumulation occurs in the long run at any location (which can be validated by stable humus contents at Wagna test site).
For the application of SIMWASER/STOTRASIM at the regional scale, the model is applied to single hydrologic response units HRU, which are areas with unique soil, weather and land-use characteristics. While soil (BMLF 1974) and weather are available for the aquifer, land-use information is not available in detail at the regional scale. In Austria, information concerning cultivated crops is only available as annual crop percentages on the aggregated level of cadastral municipalities. To deal with this problem a stochastic crop rotation tool StotraPGen is developed which uses multiple crop rotations and derives optimal percentages of characteristic crop rotations for representing the statistical land-use data. i.e., within one HRU many model runs using different crop rotations and also different crop-sequences within the crop rotations are simulated. Results are averaged using weighting factors determined by StotraPGen for each single result for a HRU. A detailed description of this approach is given in Klammler et al. (2012) .
The input concerning land-use, i.e., the characteristic crop rotations, the tillage and the expected crop yields (which can be allocated to allowed N-fertilization rates according to Table 1 ), is defined based upon expert opinions of the environmental consulting agency for agriculture (Landwirtschaftliche Umweltberatung Steiermark). In generalneglecting computing time-any number of characteristic crop rotations (e.g., the crop rotation pumpkin-maize-winter wheat-maize-maize) can be defined for any number of HRUs. In this study, up to seven crop rotations are allocated to HRUs within one cadastral municipality.
The investigation area is divided into four cultivation classes (CC) according to the groundwater protection decree Schongebietsverordnung (SGV 2005) . The classification depends on location and soil conditions:
• CC 1: inside the protection area, soils with high risk of N-leaching (soil class SC 1 according to the decree Schongebietsverordnung) • CC 2: inside the protection area, soils with medium risk of N-leaching (SC 2) • CC 3: inside the protection area, soils with low risk of N-leaching (SC 3) • CC 4: outside the protection area (valid for all kind of soils) Table 2 gives an overview of the cultivation strategies of the four CCs. Besides the spatial difference between the CCs there is also a temporal alteration within each CC regarding N-fertilization rate, tillage and catch crops. The specifications of the expected crop yields in Table 2 correspond to Table 1 , where the maximum allowed N-fertilization rates as a function of expected crop yields are defined according to regulations. In the simulation it is assumed that agricultural cultivation in the investigation area goes along with these regulations. The periods within the CCs do not exactly comply with the dates where the decrees Aktionsprogramm Nitrat and Schongebietsverordnung came into force. This modification is necessary to Fig. 3 Comparison between observed and simulated cumulated seepage water and nitrogen leaching for the calibration period [2006] [2007] [2008] [2009] [2010] [2011] respect some conceptual aspects, because if a period is shorter than the length of the characteristic crop rotation, some elements of the crop rotation will be skipped in the simulation. The cultivation strategy in period 3 is subject to restrictions according to Aktionsprogramm Nitrat 2008 and Schongebietsverordnung; period 2 is subject to restrictions according to Aktionsprogramm Nitrat 2003. For period 1 no regulations by law concerning cultivation existed. Thus, as a first assumption, N-fertilization rates from period 2 are transferred to period 1. It has to be considered that these assumptions concerning fertilization rates do have a strong influence on the simulation results of N-leaching, but may differ significantly from reality (especially in period 1).
Residential areas
Soil sealing affects the infiltration process of precipitation into the soil. While GWRC and N-leaching from lawns are simulated with SIMWASER/STOTRASIM (it is assumed that lawns are cut every 2 weeks between March and October; no fertilization), precipitation that falls on paved areas is either infiltrated into the soil by drainage shafts (precipitation counts directly for GWRC) or discharged into surface waters.
Recultivation areas
Unsaturated water and nitrate flux of recultivation areas are simulated using SIMWASER/STOTRASIM assuming a shallow soil thickness of 10 cm, which is covered by grassland and cut once a year (mulching; no fertilization). The simulation of saturated cNO 3 in the model is based on longitudinal and transversal dispersivities of 5 and 0.5 m, respectively; the initial cNO 3 in the groundwater is set to 25 mg/l uniformly distributed for the entire investigation area.
In general, results of unsaturated water and nitrate flux are provided as upper time series boundary condition to FEFLOW. SIMWASER/STOTRASIM generates a depthtime matrix for every single HRU, where the time step is 1 day and the depth interval is 10 cm. A specific add-in module for FEFLOW is developed to use these depth-time matrices of unsaturated water flow and cNO 3 as look-up tables, i.e., after every time step, FEFLOW picks up water flux and cNO 3 from the look-up tables for simulated depths of the groundwater table at the corresponding time step. 
Boundary conditions
In the east, south and west the investigation area is limited by the rivers Mur, Sulm and Laßnitz which are represented as Cauchy boundary condition (3rd type; leakage coefficient calibrated against hydraulic groundwater head; water levels measured at several measuring gauges). In the north, WLF is delimited by the tertiary limestone rock Wildoner Buchkogel, which interrupts groundwater inflow from the upstream aquifer Grazer Feld. However, a small catchment between the investigation area and the Wildoner Buchkogel provides subsurface water inflow at the northern boundary. Thus, a flow-boundary condition (Neumann) assuming an average inflow of 6 l/s calibrated against hydraulic groundwater heads there. The average magnitude of this inflow is determined by a previous unsaturated simulation of GWRC with SIMWASER/STOTRASIM for the small catchment north of the investigation area. Furthermore, water withdrawal of main drinking water wells (see Fig. 1 ) is considered in the model. In areas with high groundwater potential differences (e.g., in the northwest where the higher Riß terrace passes into the lower Würm terrace), but also in regions with lower hydraulic gradients where the aquifer occasionally falls dry, numerical problems occur in the simulation of cNO 3 . Thus, the border of the investigation area is adapted to exclude those areas for modeling cNO 3 (illustrated later on in Fig. 6 ). Furthermore, the northern boundary for nitrate transport simulation with FEFLOW is now defined as potentialboundary condition (Dirichlet), which is based on calculated piezometric heads out of the previous groundwater flow simulation. Inflowing cNO 3 at the northern boundary are assumed temporally constant, but are calibrated between 10 and 50 mg NO 3 /l depending on the location (mean level of inflowing cNO 3 is also out of a SIMWASER/STOTRASIM simulation). In the east, south and west cNO 3 in the rivers are set to 2 mg NO 3 /l according to measurements. The depth of the bottom boundary in the form of an aquiclude is determined according to several borehole analyses, general information about the geology and hydrogeological expert knowledge considering the geomorphological formation processes (e.g., no sinks without discharge).
Results
The saturated simulation presented in the paper is based on an existing (uncoupled) groundwater flow model (Fank et al. 2003) starting the simulation in 1993 and is adjusted for an application until 2009. To ensure that water and nitrogen inputs into the saturated zone are not affected by initial conditions of the unsaturated simulation, the model period for the unsaturated zone already starts in 1987.
Unsaturated water and nitrogen flux Figure 4 shows simulated GWRC, N-leaching and cNO 3 in the seepage water for the land-use types described above applying the discussed methods. Results for arable land are based on N-fertilization rates and cultivation schemes given in Tables 1 and 2, respectively. Table 3 summarizes annual average GWRC, N-leaching and cNO 3 in seepage water for the different land-use types.
Highest GWRC rates occur for residential areas and range between 500 and 892 mm. This is due to considering an infiltration of precipitation from paved areas by drainage shafts which is assumed proportional to the percentage of paved areas. N-leaching and cNO 3 are generally low for these areas because N-inputs are limited to atmospheric deposition. Areas not displayed in Fig. 4 belong to built-up areas with a high soil sealing rate, where precipitation is discharged into surface waters (e.g., city center of Leibnitz or a commercial park in the center of WLF). These areas do not cause any N-input into the groundwater either. GWRC for open water bodies and forested areas are low because of rather high ET. High N-inputs according to this simulation primarily derive from arable land. Depending on soil condition and applied N-fertilization rate cNO 3 result in the range of 50-116 mg/l out of agriculture with a mean cNO 3 of more than 70 mg/l (Table 3) . It is also visible in Table 3 that the average annual GWRC for the entire investigation area of 407 mm/a is strongly influenced by high infiltration rates out of drainage shafts in residential areas.
Saturated water flow
The simulation of the saturated groundwater flow implicates a calibration of the saturated hydraulic conductivity k f and the drainable porosity against measured hydraulic groundwater heads. The calibration of these system parameters is based on former research (Fank and Rock 2005) and results in 1 9 10 -4 -7 9 10 -3 m/s for k f (see Fig. 2 ) and a drainable porosity ranging from 8 to 14 % (total porosity 22 %). Open water bodies are assumed with 100 % porosity and k f = 1 m/s. A general groundwater balance averaged over the entire modeling period is given in Table 4 . Figure 5 shows the simulated hydraulic groundwater head (left) and time series for selected observation wells (right). The observation well of the top right time series (a) is strongly influenced by infiltration of water from the Mur river. Time series b and c are more centrally located within the investigation area and are not affected by surface water bodies. It can be seen that the general behavior of the hydraulic groundwater head is reproduced to a very satisfactory level over the entire modeling period. Especially time series c, which is situated in the discharge area of a residential zone, complies excellently with observed hydraulic heads. Although simulated hydraulic heads in time series a predict the main characteristics of the measured groundwater levels, some peaks are over-or underestimated. Regarding the simulation presented in time series b it is obvious that there is a permanent overestimation of the hydraulic head. However, the fluctuation of the simulated curve matches the real fluctuation.
Instead of presenting similar time series for all observation wells within the investigation area, Fig. 5 also illustrates statistical parameters summarizing the model quality. The circles represent the locations of observation wells. While the size of the circle is proportional to the root mean square error RMSE (the smaller the circle, the lower the RMSE), the sectors of the pie chart represent the portions of over-and underestimations. Furthermore, average residuals separated into positive and negative deviations between simulated and measured data are presented by the numbers next to the circles.
Highest RMSEs with permanent underestimation can be found in the border area of the Riß terrace in the northwest. Especially for areas where the elevation of the aquiclude varies strongly over a small scale (which normally occurs where a higher terrace passes into a lower one), this may be attributed to the uncertainty about the exact aquiclude position. However, the two observation wells with RMSEs near 68 cm are situated at the border of the investigation area and do not deteriorate the model performance for the remaining groundwater system of WLF. The pie chart of time series a in the map shows that at this location RMSE is approximately 22 cm. A combined interpretation of the pie chart and the mean residual given next to the circle allows imagining a time series, which over-and underestimates measured data over equal periods by 18-19 cm. This is identical to the information conveyed by the respective graph on the right. Regarding the pie chart of location b, one could say that the simulation overestimates almost over the entire period for approximately 35 cm. At location c the pie chart indicates a good fit by a low RMSE (can also be seen in the time series).
Regarding the spatial distribution of statistical criteria used in Fig. 5 , a trend of overestimation in the center of the investigation area (mainly northeast of the city Leibnitz) can be found. Furthermore, also two outliers with a mean overestimation of approximately 50 cm are present along the highway. A satisfying explanation, especially for the two outliers, cannot be given at this point.
Saturated nitrate concentrations Figure 6 shows RMSEs, positive/negative residuals and the portions of over-/underestimations for 20 observation wells in the investigation area. Note that observation wells for groundwater head do not always provide groundwater cNO 3 data (and vice versa). To consider most important land-use types, time series of groundwater cNO 3 given in Fig. 6 represent locations of arable land influenced by Mur river (a), arable land without influence of surface waters (b) and residential areas (c). The residence time in groundwater for the longest flow path within the investigation area is approximately 7 years. However, as can be seen in the charts in Fig. 6 , there is an impact of the initial groundwater concentration cNO 3 = 25 mg/l only in the years 1993 and 1994. Therefore, these 2 years are not considered in the statistical parameters for cNO 3 . While simulated time series a provides results within the range of the measurements, cNO 3 for time series b and c is strongly underestimated. This pattern of underestimation is independent of land-use type and extends over the entire investigation area, except for a small number of observation wells in the northern part. Also RMSE is smaller for observation wells in the north. Figure 5 shows that groundwater recharge determined for different land-use types as described in ''Method'' provides a good basis for the further groundwater flow and nitrate transport model. A mean simulated groundwater recharge rate for agricultural areas of approximately 344 mm/a appears feasible compared to measured recharge rates of 318 mm/a (period 2005-2011) at the lysimeter site Wagna. For residential areas results of groundwater recharge are rather high (633 mm/a on average) due to the influence of direct infiltration of water from paved areas by drainage shafts. However, this seems to be reasonable regarding results given in Fig. 5 . In general, groundwater flow in the saturated zone is considered to be simulated satisfactorily, while results for cNO 3 require further improvements.
Discussion
There are only a few observation wells in Fig. 6 -most of them are influenced by surface waters-where the RMSE of cNO 3 is low (e.g., observation well presented by time series a in Fig. 6 ). The most part of the investigation area shows almost no positive, but very high negative residuals, which means that the simulated cNO 3 is generally too low. Taking into account that the N-fertilization rates in arable land for the period 1987-2002 are assumed according to regulations valid after 2002, the real nitrogen input for period 1 (see Table 2 ) is probably higher. Measured cNO 3 for arable land shows also a higher level in 1987 than in the late 1990s (e.g., presented for an observation well located in arable land by time series b later on in Fig. 9 ). Verifying the simulation results for arable land by means of measured N-leaching from Wagna is not suitable, because at the test site a low N-input fertilization scheme is cultivated, which does not comply with the typical cultivation practice in WLF. Furthermore, cultivation of lawns within the residential areas is assumed without any N-fertilization and can also be a reason for underestimating cNO 3 in groundwater. Thirdly, assumptions of atmospheric N-deposition according to Schneider (1998) only consider wet N-deposition. Compared to total N-deposition measurements in Germany (Russow and Böhme 2005; Russow and Weigel 2000) , the assumed deposition rate of 10 kg N/ha/a on average seems to be too low in general.
For these reasons, further simulation variants have been run involving the following modifications of the original simulation:
• Var. 2: assuming application of N-fertilizer for lawns of residential areas according to recommendations given by different commercial products (3 9 45 kg N/ha/a) • Var. 3: assuming higher N-fertilization rates for maize, silage maize and oil pumpkin in period 1 (see Table 2 ). Due to a decreasing cNO 3 trend from 1987 to 1993, especially for agricultural areas (see time series b in Fig. 9 ) the period is divided into three sub-periods with different N-fertilization rates as presented in Table 5 .
• Var. 4: assuming a higher atmospheric nitrogen deposition rate of 30 kg N/ha/a on average • Var. 5: assuming a combination of Var. 2, Var. 3 and Var. 4 These variants result in higher cNO 3 in seepage water and groundwater. While Var. 2 and Var. 3 increase cNO 3 for residential and agricultural areas, respectively, Var. 4 generally leads to higher cNO 3 within the entire investigation area. However, none of these variants reaches the measured nitrate level in the groundwater. Thus, a combined variant Var. 5 is run providing GWRC (which remains the same as in the original variant), N-leaching and cNO 3 in the seepage water given in Fig. 7 , which is also summarized by annual means in Table 6 . Furthermore, the temporal development of simulated NO 3 -N-leaching is given in Fig. 8 . Comparing Table 6 with Table 3 (original  variant) , the average groundwater cNO 3 for the entire investigation area increases by approximately 20 mg/l. Figure 9 shows the resulting groundwater cNO 3 , statistical parameters and time series of cNO 3 for selected observation wells of Var. 5 compared to measured concentrations and results of the original variant. The result of spatially distributed cNO 3 is presented for June 1, 2008, where the precipitation pattern in the previous 3 months complies with the long-term annual average precipitation pattern. Compared to the original results given in Fig. 6 it is obvious that model quality improves using Var. 5 (RMSEs generally lower), but for most parts cNO 3 is still underestimated, except for the northeast of the investigation area. Table 1 b Correspond to yield class ''high 2'' in Table 1 c Correspond to yield class ''high 3'' in Table 1 Fig. 7 Annual average nitrogen leaching (NO 3 -N-leaching) and nitrate concentration in seepage water (cNO 3 ) in the investigation area for simulation Var. 5 (groundwater recharge remains the same than in the original variant) Environ Earth Sci (2013) 69:663-678 675 It can be seen in Fig. 9 that the time series for observation well a (situated in the northeast) is already at the same level as measured cNO 3 using the original variant. In Var. 5 the cNO 3 level of time series a still increases, but due to the strong influence of infiltrating surface waters from the Mur river the effect on cNO 3 is rather small. This is despite the fact that this observation well is located within the discharge area of arable land with high N-fertilization rates applied (outside the groundwater protection area). For time series b (agriculture) and c (residential area) as well as for most other locations not influenced by surface waters, the levels of cNO 3 approach, but in several cases do not actually reach the average measured levels, i.e., there is still more N-input needed at the surface of the investigation area than assumed in Var. 5, either by N-fertilization of arable land or by atmospheric N-deposition. In this context an integral-total-nitrogen-input-measurement ITNI, which measures total atmospheric N-input has already been installed at Wagna test site since spring 2012 (Russow and Weigel 2000) . Knowing real atmospheric N-deposition, a further adjustment of N-fertilization rates for arable land and residential areas may be one option for a better calibration against measured groundwater cNO 3 . Assumed N-fertilization rates are indeed based on regulations, but the compliance with this law is not government-controlled at the field. Thus, such an adjustment of N-fertilization rates appears feasible. Moreover, a higher N-fertilization of lawns within the residential areas cannot be excluded. However, it is not expected, because N-fertilization rates assumed in Var. 5 are rather high and applied for the entire residential area. A further option is to implement a different spatial distribution of applied N-fertilization rates within residential areas in general as well as within agricultural areas beyond the classification (cultivation classes CC 1-4) according to the Schongebietsverordnung (SGV 2005) . Hence, further model improvements also need to focus on temporal and local variability of N-inputs in order to increase the quality of the model. Finally, although the nitrogen input into the groundwater through the unsaturated zone is determined using a calibrated model (as described in ''Method''), an adjustment of model parameters could be another general measure.
Conclusions
Sequential coupling of the 1-D unsaturated water flux and nitrate transport model SIMWASER/STOTRASIM with the 2-D approach of FEFLOW is found to be an appropriate method for modeling the aquifer WLF. Especially the results for saturated water flow confirm that there is no need for an iterative coupling or a fully 3-D approach given a groundwater depth deep below the root zone and predominantly sandy soil conditions. Since GWRC and N-leaching are strongly dependent on the land-use type, the simulation method for the unsaturated water and nitrogen flux is separated into several approaches according to predominant land-uses classes. That is, the spatial variability of water and nitrogen inputs at the surface depending on the land-use is implemented into the simulation. Although dynamics in agricultural land-use are addressed using the stochastic crop rotation tool StotraPGen, uncertainties concerning agricultural cultivation practices remain, e.g., dates and amounts of N-fertilization or dates, types and depths of soil tillage are not known at the local scale across the aquifer, but have a strong influence on N-transformation processes in the soil and N-leaching into the groundwater. Furthermore, the level of real atmospheric nitrogen deposition is not exactly known for the investigation area. Therefore, future work will focus on further calibration of nitrate concentrations in the groundwater by reducing the uncertainty of nitrogen inputs through the unsaturated zone. However, independent of the outcome of refined model calibration, present results suggest that N-input into the WLF groundwater is heavily Fig. 8 Annual totals of simulated NO 3 -N-leaching averaged for the entire investigation area dominated by the contribution of arable land, which covers to 54 % of the aquifer (Fig. 1 ) and presents the highest N-input rates per area (Tables 3 and 6 ). 
